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While there are many reliable solution methods for high Reynolds number flows, 
the low Reynolds number regime currently has considerably fewer options. This is due 
in part to the fact that high Reynolds number flows account for most aeronautical 
applications of interest. There are, however, important applications involving low 
Reynolds numbers, such as turbomachinery blades. The more likely reason for the lack 
of reliable codes for low Reynolds numbers is the greater difficulty of accurately 
representing the flow. Most methods make use of approximations in the formulation of 
their underlying equations to obtain computational solutions in a reasonable amount of 
time. These approximations often become less and less accurate as the Reynolds number 
decreases. An obvious question which may arise concerns the value of bothering with 
such seemingly limited, simplistic codes when the state of the art is Navier-Stokes (NS) 
solvers. There are several considerations which make the effort worthwhile. First, not 
everyone has access to the supercomputers or mini-supercomputers that are necessary for 
extensive NS solutions. Even if these computers are available, user time may be limited. 
Preliminary research using a simpler method may cut down the amount of advanced 
calculations needed considerably, thus reducing overall wst. Another pertinent factor 
is the time savings. A design team for a new aircraft cannot afford months of detailed 
refinement using NS solvers when a proposal deadline looms near. Less than NS 
accuracy is certainly acceptable, especially when the significant gains in speed and cost 
reduction are considered. An efficient program only needs to calculate to the level of 
accuracy necessary to accomplish the desired goal. To this end, methods such as the 
direct boundary layer method and the viscous-inviscid interaction method offer 
opportunities to investigate low Reynolds number phenomena, such as laminar separation 
bubbles. A final point to consider is that all methods, including NS solvers, are really 
approximations in that they involve empirical models for transition and turbulence. The 
suitability of these models to low Reynolds number flows will influence the results 
directly. 
This investigation explores the various computational methods, comparing them to 
each other and to experimental data. A panel code was first developed, which provided 
some of the input needed for a direct boundary layer code. The direct boundary layer 
code was studied extensively and several modifications were made to enable further 
analysis of boundary layer profiles and transition effects. Similar calculations were then 
performed for a viscous-inviscid interaction code. Experimental interferograms, obtained 
by Point Diffraction Interferometry, provided a reliable reference for comparison. 
Finally, a Navier-Stokes code was evaluated. Emphasis throughout the investigation was 
placed on detection and location of laminar separation bubbles, as well as a thorough 
consideration of transition and turbulence models. 
II. PANEL CODES 
A. THEORY 
In potential flow theory, the flow field around an airfoil may be represented by the 
velocity potential. Considering contributions from the freestream flow and the source 
and vorticity distributions, the total potential may be constructed: 
where 
The source distributions (q) vary from panel to panel, while the vorticity strength (y) is 
assumed constant for all panels. The value of representing the flow past an airfoil by 
surface singularity distributions lies in the fact that these singularity distributions 
automatically satisfy Laplace's equation, the governing flow equation for inviscid, 
incompressible flow: 
4=+4n=0 (2.3) 
Since Laplace's equation is a linear homogeneous second order partial differential 
equation, the superposition principle used in Equation 2.1 is valid. The boundary 
conditions include flow tangency at control points (midpoints of panels) and the Kutta 
condition at the trailing edge, requiring equal tangential velocities for the first and last 
panels. By evaluating the integrals along the airfoil surface, the potential may be 
determined at any point in the flow field. Each point is defined at a radius (r) and angle 
(0) from a chosen reference point on the airfoil. The reference point in this study is the 
leading edge. 
B. PANEL METHOD GEOMETRY 
For computational purposes, it is not feasible to evaluate every point in the flow 
field. The airfoil is represented by a number of defined points, called nodes. More 
points produce greater 
resolution and accuracy. 
One hundred to two 
hundred points are usually 
sufficient, with the larger 
numbers used for more 
complicated airfoil shapes I 
o r  m o r e  
calculations. 
i nvo lved  
The lines I Figure 2.1 Panel Method Geometry 
connecting these nodes are 
the panels. There are (n) panels and (n+l) nodes, with the first and last node 
overlapping. Figure Figure 2.1 depicts the panel geometry. Numbering starts at the 
trailing edge, then progresses along the lower surface, leading edge, and upper surface, 
and ends at the trailing edge. The unit normal vectors (fi,) are perpendicular to the 
panels and directed outward from the airfoil surface. The unit tangential vectors (ti) are 
parallel to the panels and the positive direction is defined with increasing numbering (n 
to n+l). The panels may vary in length, with the exception of the first and last panels, 
which must be equal in order to use the Kutta condition at the trailing edge. 
C. COMPUTER CODE 
1. Overview 
In order to study the steady, incompressible, inviscid flow over arbitrary 
airfoils, a panel code called panel was developed. The required input consists of the 
number of nodes on the airfoil surface, the coordinates of the nodes referenced from the 
leading edge, and the angle of attack in degrees. The program produces normalized 
velocities and pressure coefficients at each control point as output. The program was 
later modified to produce an output file compatible with bud, a direct boundary layer 
program described in Chapter 2. Additional input consists of Reynolds number and 
transition information. This data is not used by the program panel, but is simply 
transferred to the output file which will be used as input for b12d. 
2. Influence Coeff~cients 
The use of influence coefficients leads to a straightforward procedure for 
programming the equations. An influence coefficient is defined as the velocity induced 
at a field point by a unit strength singularity distribution on one panel. For the two 
dimensional steady flow problem, the following influence coefficients are needed: 
AnIj: normal velocity component induced at the i" panel control point by unit 
source distribution on the j" panel 
1 ri.i+1 An..=-[sin(Oi-Oj)ln-+cus(Oi-Oj)p,], i*j 
2 x  r.. u 
Atij: tangential velocity component induced at the i" panel control point by unit 
strength source distribution on the jm panel 
B:,: normal velocity component induced at the i" panel control point by unit 
strength vorticity distribution on the j" panel 
Bh: tangential velocity component induced at the im panel control point by unit 
strength vorticity distribution on the j" panel 
where the geometrical quantities, depicted in Figure 2.2, are defined by: 
2 r i j  = J(xmi-xj) + omi-yj)' 
xi+xi*1 
xm, = -2 
yi+yi+1 y m i = 2  
y1+1-Yl) 
€Ii = arctan(- 
xi+ 1 -4 
P..=arctan( u Ymi-yj+~) Ymi-Yj) 
Xmi-xj+1 xmi-xj 
The formula for P, may be verified as follows: 
a + 6, + x + 0 ,  = 180" (triangle) 
x + b + 6, = 180" (supplementary angles) 
Setting these equations equal to each other and eliminating common terms, 
P,, = b-a 
Inspection of the diagram shows that angle b is in fact the arctangent of the quantity in 
parentheses in the first term of the formula for P,,. Likewise, angle a matches the second 
term. 
3. Program Description 
a. Boundary conditions 
The first boundary condition requires flow tangency at control points: 
In terms of influence coefficients (with V,=l), 
The second boundary condition is the Kutta condition, which states that 
the pressures on the lower and upper panels at the trailing edge must be equal if the flow 
is to leave the trailing edge smoothly. Using a form of Bernoulli's equation, 
the pressure equilibrium also implies equal velocities for incompressible flow. Since the 
normal velocities are taken to be zero, the boundary condition may now be stated as: 
where the negative sign is strictly due to the adopted convention of positive tangential 
velocities in the direction of increasing node numbering. Since the flow is positive to 
the right (as shown in Figure 2.1), the panels downstream of the front stagnation point 
will have negative values for computational purposes only. It is important to note that 
not all the lower surface panels have a reversed sign, only those downstream from the 
stagnation point. This is especially significant for non-symmetrical airfoils or any airfoil 
at an angle of attack. 
In terms of influence coefficients, the normalized equation becomes: 
b. Solution procedure 
Equations 2.10 and 2.13 represent a linear algebraic system of (n+ 1) 
equations and (n+ 1) unknowns. The unknowns are the source strengths which vary from 
panel to panel (q, ...qJ and the vorticity strength y. 
Expanding and rearranging Equation 2.10 for an example airfoil of 
n=73 nodes and panels results in: 
The equations now readily lend themselves to solution in matrix form. Recasting with 
a simpler notation, the AntJ terms (coefficients of q,) may be renamed a,, and the sum of 
all B", terms in parentheses (coefficients of y) renamed a,,,,, where i= 1,2,. . . ,n and 
J = 2 , .  n .  The terms on the right sides of the equations may be renamed b,. 
The (n+ 1)* equation, or in this example, the 74'h equation, comes from 
Equation 2.13 in a similar manner: 
The coefficients of qj may be renamed a,4J. All of the B' terms in the brackets together 
form the coefficient of y, now renamed The entire right side of the equation 
constitutes the new term b,. 
Finally expressing this system in a concise matrix form for the general 
case, 
a aIJ al3 .......... a 1 ~ 1  q, b, 
.......... 1 q2 4 
a3,, a,,, a,, .......... %+I q3 - 
- b3 
a a,, a,, .......... a ~ + l  4, bn  
a,,,,, an+,Z an+,, .......... an+,,+,. -Y, bn+ l -  
This system is solved in the program using a Gaussian Elimination subroutine. 
With the values of the q, and y known, the velocity at each panel 
control point may be calculated: 
..... . Vi ='& [Atkqj] +m(a-Bi) i = 1,2 n (2.17) 
The total velocity is equal to the tangential velocity due to taking the normal velocity to 
be zero. 
c. Numerical techniques 
Although programming most of the described procedure is a relatively 
straightforward task, there are a number of potential pitfalls. Different programming 
languages each have their own special mles and format, but the following hints for 
FORTRAN, a commonly used engineering language, apply to many others as well. 
All angles entered into the equations, such as a, @, and 8, must have 
values in radians. The angle of attack (a) is an input parameter that should also be 
converted relative to the zero lift line of the airfoil in order for the resulting velocities 
to match published values. The angle 0 is used in calculating the influence coefficients. 
9 is the angle of a panel from the positive x axis, counter-clockwise positive. The 
formula given for 0, involving taking an arctangent, will produce the correct physical 
angle if interpreted correctly. Many programming languages use 4 2  to d 2  as the 
default range for the standard inverse tangent function, which uses only one value for an 
argument. The function cannot determine whether a negative sign was in the numerator 
or denominator. A problem arises when an angle is actually in the 2d or 3" quadrant 
because the function will assign values from the 1" or 4' quadrant. The values for 9 
must be in the range -7 < 9 < u to work properly. This may be accomplished by using 
the ATAN2 function in FORTRAN, which accepts both a numerator and denominator 
as arguments and assigns quadrants correctly. 
The angle 0 may be calculated from two inverse tangents, as presented 
in the formula. However, a more efficient algorithm may be used for computer 
calculation. Recalling that 0 = b-a, it follows that: 
tan 0 = tan@-a) 
= sin b cos a - cos b sin a 
cos b cos a + sin b sin a 
The sines and cosines for the angles a and b may be easily determined from the geometry 
of Figure 2.2. For example, sin b = (ym, - yj+,)/hypotenuse b. Noting that all the 
hypotenuse values may be cancelled out in Equation 2.18, the arctangent of the angle 
may be found with simply x and y differences. The ATAN2 function in FORTRAN 
should also be used to calculate P.  
D. RESULTS 
1. Eppler E585 Airfoil 
The first investigation was conducted for an Eppler E585 airfoil (shown in 
Figure 2.3), with n=71 nodes (or panels). It is one of a series of airfoils without flaps 
designed for the Reynolds number range of sailplanes, about 100,000 to 500,000. The 
angle relative to the zero lift line is 
5.53". If not compensated for, the results 
would all be shifted by this amount. 
Figure 2.4 shows the results of the 
program panel for a = 3, 7, 11". The 
published data in Figure 2.5 [Ref. 11 
compares favorably. The velocities match 
the given distribution well except for 
slight deviations at the trailing edge. This 
difference can be attributed to the higher 
I 
Figure 2.3 Eppler E585 Airfoil 
order panel method used in Eppler's computations. The panels are defined by third 
degree polynomials whose coefficients are computed by a spline program. Additional 
points are splined in as needed. For the best precision from a panel method, the steps 
must be smaller near the leading and trailing edges. The simpler method of connecting 
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igure 2.4 Velocity Distribution Computed by PANEL 
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igure 2.5 Velocity Distribution Computed by Eppler 
just the given airfoil coordinates naturally leads to less accurate results in the critical 
trailing edge area. Experimentation with linearly interpolated extra points verified that 
a better resolution could be obtained in this manner. For most cases, the straight line 
segment panels using only the given coordinates produce quite sufficient resolution with 
a great advantage in computational speed. 
2. NACA 0012 Airfoil 
This is a well known airfoil (shown in Figure 2.6) used for many studies and 
comparisons, elementary to advanced, as well as practical applications. It is one of the 
original 4-digit series of 1932, 
where the first two digits indicate 
camber amount and location (00 is 
symmetrical) and the last two 
digits indicate maximum thickness 
in percent mean aerodynamic 
chord (12%). Figures 2.7 and 2.8 
show a comparison of program Figure 2.6 NACA 0012 Airfoil 
results and those provided by Anderson [Ref. 23 for the NACA 0012 airfoil at 9' angle 
of attack. The pressure distributions both come to a suction peak of -5.2. It should be 
noted that Figure 2.8 differs slightly from the original reference plot in that the error in 
the decimal place of the ordinate values has been wrrected. 
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igure 2.7 Pressure Coefficient Computed by PANEL 
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E. USER'S GUIDE 
These detailed instructions are accurate at the time of writing, oriented toward the 
Advanced Computation Laboratory (rm. 136) of the Naval Postgraduate School. 
However, due to the dynamic nature of any computer environment, some instructions 
may change over a period of time. If difficulty is encountered, check with the manager 
for changes in: 
1. the account location of the files 
2. plotting package availability or procedures 
3. computer informal addresses (i.e. madmax, suzqt, indigol, etc.) 
In all instruction lines, the prompt which appears on the screen is in normal type, while 
literal user input is in boldface. User input which is general and requires the actual 
word instead will be in italics. For example, plename could be replaced by vel.dat. 
Although not specifically stated on each line, a carriage return (ENTER) is assumed. 
As many commands are case sensitive, type each line in the format shown. 
1. Stardent 
a. Progmm operalion 
Using the Stardent terminal, login and change to the directory to be 
used for the panel code, making a new one if desired (i.e. mkdii paneldii, cd 
paneldir). Then type: 
> cp lalphalacctname/panel panel 
to copy the compiled program from the account where it is stored. Also copy a sample 
input file for a NACA 0012 airfoil: . 
>cp lalphalacctnamelpoints.&t points.dat 
These two files are all that is needed to begin. To mn the program, type: 
>panel 
Answer the prompted questions, using 100 points and 0 for the transition code. When 
finished, the program will respond with: 
Calculations complete, output files are: 
vel.dat, cp.dat, bl2d.dat 
The first two files are simply x-y type column data for plotting the velocity and pressure 
distributions. The last file is created for use with another program, bEd, described in 
the next chapter. 
b. Plotting procedures 
To view the resulting velocity distribution, the file vel.dat can be used 
with any standard plotting package. On the Stardent, gnuplot can be used. First type: 
>xterm -t & 
to open up a tektronics window for plotting that will operate in background. When it 
appears, move the cursor there and type: 
> gnuplot 
Note that it is somewhat "messy" to work in this window because mistakes do not 
disappear from the screen with a backspace. The computer will take the overwritten 
characters as the input, however. Control-C may be pressed instead to simply type the 
line over or type clear to erase the whole screen when needed. At the gnuplot prompt, 
type 
gnuplot > set term tek- 
to set the proper terminal type for plotting. To plot the x-y format data file vel.dat, 
type: 
gnuplot > plot "vel.dat" 
For options in gnuplot such as scaling axes and plotting multiple data sets, see Appendix 
B. 
2. IRIS 
a. Using a Stanlent window 
To simply operate the program panel from an IRIS terminal, login and 
open up a Stardent window using the following procedures. First, click the right mouse 
button inside the original console window and select Clone. Move the cursor to the new 
window and change to the desired directory on the IRIS, making a new one (mkdii) if 
desired. Then type: 
> telnet suzqt 
Login to the Stardent and follow the instructions in the previous section to operate the 
program. Do not use the same plotting procedures when complete, however. Keeping 
both windows open, move the cursor back to the IRIS window and type: 
> rcp suzqt:lalphallogin~meldirectorylvel.dat vel.dat 
This command remote copies from one system to the other. The l o g i n m e  on the 
command line is the name of the account, usually the user's last name. The directory 
is the one created on the Stardent where the program was run. This command will only 
work if an account is held on both the Stardent and IRIS under the same loginname. If 
this is not the case, files can be transferred using the file transfer utility ftp, described 
in Appendix B. 
b. Using the IRIS 
It is also possible to do all calculations directly on the IRIS. This may 
be more useful when a user holds an account on the IRIS but not on the Stardent. After 
obtaining a copy of the source code pane1.f from the Stardent using the ftp procedures 
(Appendix B), compile it for the IRIS: 
> f77 - 0 3  -0 panel pane1.f 
Program operation is as described for the Stardent. 
c. Plotting procedures 
The plotting package usually used on the IRIS is XYPLOT. At the 
prompt, from the directory with the plotting data (such as vel.dat) type: 
> xyplot 
Answer the questions that follow: 
Name of 1st input file? vel.dat 
Name of 2nd input file? @ress E m R  since only I jile to plot) 
Default configuration file? (ENTER, since none specijied yet) 
A new window will pop up with the plot. The mouse can be used in this window to 
change the appearance of the plot in many ways. The plotting program is very user- 
friendly and can be operated with little prior instruction. 
Gnuplot is also available on the NPS IRIS. It is not necessary to open 
a special window for the plot because one will be created automatically when the 
program is invoked. 
A. THEORY 
The two-dimensional flow around an airfoil may be represented by the simultaneous 
solution of the continuity equation, 
the components of the momentum equation, 
and the energy equation, often collectively referred to as the Navier-Stokes equations, 
although technically this name applies only to the momentum equation applied to a 
Newtonian fluid. Equations 3.1-3.3 are expressed in general form for unsteady, 
compressible, viscous flows with body forces. In practice, however, such a complete 
solution is not usually feasible, or even possible, for many applications. The 
development of the Thin Shear Layer (TSL) equations, sometimes referred to as the 
boundaty layer equations, enables a computationally practical scheme for solving the 
flow. 
Considering the steady, incompressible, flow around an airfoil with no body forces, 
some initial simplifications may be made. The energy equation becomes decoupled from 
the other equations and is no longer needed in the solution. The continuity equation 
immediately reduces to 
Eliminating the time dependent term, expanding the partial derivatives, subtracting u 
times the continuity equation, and dividing through by p in the x momentum equation 
yields 
with a similar expression for the y component. The equation is further developed by 
using the assumption of a Newtonian fluid, in which stress is proportional to rate of 
strain: 
where p is the viscosity. In a constant-property flow, p may be taken outside the 
derivative after substituting Equations 3.6 and 3.7 into Equation 3.5, and may be 
rewritten in terms of the kinematic viscosity, vzplp. Thus, the x-component momentum 
equation for a Newtonian fluid in constant-property, steady, two-dimensional, laminar 
flow is 
To incorporate the effects of a turbulent flow, all instantaneous flow quantities are 
replaced by a mean term plus a fluctuating part, i.e. u=<+u1. Expanding, eliminating 
zero products, and rearranging the equation gives 
where the overbars on the mean velocity components u and v are omitted for simplicity. 
The extra turbulent stress terms in Equation 3.9, as compared to Equation 3.8, are often 
called the Reynolds stresses. 
To obtain the TSL equations, an order of magnitude analysis is applied with the 
assumption of 8/19 1. In other words, the boundary layer (of thickness 6) is very small 
compared to the characteristic length of the body. Using the following order of 
magnitude approximations 
where the subscript e refers to the edge of the boundary layer, the first term in the 
parentheses and the first Reynolds stress in Equation 3.9 may be neglected. When 
compared term by term to the x-component equation with the assumption u s v ,  the y- 
component of the momentum equation reduces to the approximation of constant pressure 
in the normal direction. Summarizing, the two-dimensional, incompressible, steady 
boundary-layer equations for both laminar and turbulent flows are: 
Note that these equations are for a surface coincident with the x-axis. In order to use 
the equations for an airfoil, the airfoil surface must be "unwrapped" onto the x-axis. The 
usual x/c and y/c coordinates which define the airfoil must be transformed to a surface 
coordinate. 
The applicable boundary conditions on the surface of a solid airfoil are 
y = o  u = o  v=o 
and at the outer edge of the boundary layer, 
y=6 u=u,(x) 
B. COMPUTER CODE: B U D  
1. Overview 
The program bnd, developed by T. Cebeci, provides a solution to the 
boundary layer equations. The same restrictions apply to the program as to the equations 
on which it is based: two-dimensional, steady, incompressible, viscous flow. The 
program accepts input of Reynolds number and prescribed transition locations, as well 
as panel coordinate and velocity information computed by a separate routine. Output is 
generated for many features of the resulting boundary layer, including skin friction 
coefficient and displacement thickness. Run time is less than one minute on a Stardent 
computer and less than two minutes on a personal computer (PC). 
2. Models 
a. Turbulence Model 
In order to use equation 3.12, an expression must be found for the 
Reynolds shear stress term. Since it is not feasible to attempt calculating the actual 
value, empirical models are usually used. One such model is the eddy-viscosity concept: 
where E, is an empirical term called the turbulent eddy viscosity. Another model is the 
mixing-length concept first proposed by Prandtl in 1925: 
where 1 is the empirically determined mixing length. 
(3.15) 
Although both of these models 
were originally derived based on erroneous physical arguments, they have nevertheless 
produced remarkably successful results for many applications. A third model, which 
incorporates the eddy-viscosity concept, is the Cebeci-Smith (CS) model, in which the 
viscous region is divided into an inner layer and an outer layer, each with its own 
formula for E,: 
where 
and the Falkner-Skan variables F ,  7, and f are used. The term y, is a factor which 
models the length of the transition region, explained further in the next section. This 
turbulence model is used in the program. Using Equation 3.14 allows rewriting the 
momentum equation for a turbulent flow, Equation 3.12, in the same form as a laminar 
flow: 
where b = v + E ,  Thus, the only computational difference between laminar and turbulent 
boundary layers is the addition of the turbulent eddy viscosity. 
b. Transition Model 
The determination of the location of transition from laminar to turbulent 
flow is one of the most critical factors in the success of many computational efforts to 
predict or reproduce physical phenomena. Yet, even in today's age of supercomputers, 
this area of research remains widely neglected. The most advanced Navier-Stokes 
solvers often ignore the issue entirely, arbitrarily declaring the entire flow to be 
turbulent. Others make the effort of computing a transition point, at which the flow 
instantaneously changes from laminar to turbulent. These may be quite reasonable 
approximations for many applications, especially when the Reynolds number is high. 
However, there are still a number of important flows that require more accuracy. Until 
the transition mechanism and the many, varied factors which can affect it are more fully 
understood, programmers must rely on the traditional engineering approach of modeling. 
The program incorporates a transition model determined by Chen and 
Thyson, utilizing a transition range rather than a point. This range is neither fully 
laminar nor fully turbulent. It is a region of intermittency, in which turbulent spots 
gradually appear with progression in the streamwise direction. This feature has been 
shown to be essential for low Reynolds number flows. The convergence of the entire 
boundary layer solution is very sensitive to transition related factors, such as the input 
value supplied for the start of transition. An experimental value may not have been 
measured accurately and an empirically calculated value may deviate from the actual 
onset of transition. If the code does not run and all other input has been verified to be 
correct, a solution may often be obtained by experimenting with slight deviations in the 
transition location for the upper surface specified as input. The lower surface value does 
not exhibit the same sensitivity. 
3. Numerical Techniques 
a. Tmnsfonnation of Aifloil Coordinates 
The x/c and y/c coordinates of the airfoil are supplied as part of the 
input, called xc and yc in the program. Starting from the stagnation point, the program 
redefines these coordinates into a single parameter corresponding to a surface distance: 
~ ~ = x ~ ~ , + \ l ( . c ~ - x c ~ - , ) ~ + ~ c ~ - y c ~ - ~ )  2 (3.19) 
Thus, the variable x used internally by the program in the boundary layer equations is 
this surface coordinate. The values are printed under the heading (S) in the output. 
b. TmnSformation of Variables 
The well known Falkner-Skan transformation is used to transform the 
variable y: 
where y is the normal coordinate along which the thickness of the boundary layer is 
measured. The dimensionless similarity variable 7 eliminates the growth of the boundary 
layer in laminar flow and reduces it in turbulent flow. This enables larger steps in the 
streamwise direction and improves computational efficiency. The x transformation is 
simply a scaling by the reference length, usually the chord for a airfoil, so that E=x/c. 
Since the surface distance x is used, these will not be the same as the input xlc 
coordinates. 
The dimensionless stream function f(x,q) is defined by 
Equations 3.11 and 3.18 and the boundary conditions may be rewritten in terms of the 
new variables: 
where 7, is the transformed boundary layer thickness corresponding to 6 and R, is the 
Reynolds number based on reference velocity u, and reference length, the chord for an 
airfoil. The prime denotes differentiation with respect to 7. The dimensionless pressure 
gradient parameter m is defined by 
The velocity components v and v are related to the dimensionless stream function by 
c.  Keller Box Method 
Equation 3.22, a second-order partial differential equation, may be 
solved by various numericat methods such as the Crank-Nicholson or Keller Box 
methods. The latter method, depicted in Figure 3.1, has proven to be efficient for 
boundary layer calculations. The Keller Box method first requires reformulating higher 
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Figure 3.1 Grid Box for Centered-Difference Approximations 
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order equations into a set of first order equations. At each rectangular grid section, these 
equations are approximated using centered-difference derivatives, averaging values at the 
center of the "box". The truncation error is second order. The resulting implicit, 
nonlinear difference equations are linearized by Newton's method and solved by a block 
elimination method. 
Using the following definitions, 
Equation 3.22 may be expressed as a first order system: 
Note that the u and v in Equations 3.25 and 3.26 are not the velocity components. They 
are two new, arbitrarily selected names of variables for the expression of the first order 
system. Since the program was coded using these particular variable names, the present 
numerical discussion will use them for consistency. 
Refemng to Figure 3.1, the grid points may be described as 
where the capital letters N and J are the maximum number of grid points used in the 
streamwise and normal directions, respectively. The superscript n is not an exponent, 
but a counter just like the subscript j. This upper and lower notation allows using both 
counters on the same variable when needed. Considering one box of the grid, the finite 
difference approximations of Equation 3.25 may be written for midpoint of the right side, 
segment PIP,, using centered difference derivatives: 
Equation 3.26 may be approximated in the same manner for the midpoint of the box by 
centering first in one direction then the other. The resulting finite difference equation 
is 
where 
The boundary conditions of Equation 3.26 are rewritten at E=t;D as 
d. Newton's Method 
Equations 3.28, 3.29, and 3.30 comprise a set of 3J+3 equations and 
3J+3 unknowns (fj', u;, v,", where j= 0, 1, 2, ..., J), with TI ,  ujn-l, and vj0i-I known. 
Newton's method is applied to linearize this system. The method assumes that an 
approximate solution is known, either from the preceding iteration cycle or from the 
previous streamwise station. Then small unknown quantities are added to the 
approximate solution. Using the arbitrary iteration variable i (the superscript n omitted 
for clarity), 
with i=O corresponding to known values at the previous streamwise station (p-I), these 
expressions may be substituted into Equations 3.28 and 3.29 for the unknowns. After 
dropping higher order terms of 6, a linear system of equations results: 
where the right hand sides are 
and the coefficients are 
The boundary conditions of Equation 30 become 
i sd=o sud:=o auj =o (3.33) 
These equations may be easily identified in the subroutine COEF of b12d. Since they 
may be arranged into a block tridiagonal structure in matrix-vector form, the subroutine 
SOLVE uses the efficient block elimination method to solve for the small 6 quantities. 
The iteration of Newton's method continues until the small quantities are small enough 
to be neglected. 
4. Program Modification for Boundary Layer Profiles 
At each station along the airfoil surface, the program calculates the u 
velocities for each value of 1) in the grid. Eta is the coordinate in the normal direction 
representing the transformed boundary layer thickness. In order to retrieve the physical 
boundary layer thickness, an inverse transformation is required: 
Since the kinematic viscosity shows up only indirectly in the non-dimensional 
form of the Reynolds number, the actual equation used is 
where R,=pu,xlp, or equivalently, u,xlv, and x and u, are used in the non-dimensional 
forms of xlc and u&. The value of x used here is the surface distance. 
Plotting the shape of the actual velocity profile at a given station requires the 
station number (NX), the corresponding x coordinate, the u velocities, and the 
corresponding y values. All of these values are provided by the original program or 
Equation 3.35. Velocity profiles may be plotted at this point, but only the shape will be 
revealed. To visualize the growth of the boundary layer, the height of the boundary 
layer at each station is needed. This may be determined by finding where the u velocity 
has reached freestream velocity, indicating the edge of the boundary layer. 
Computationally, this is accomplished by allowing u to reach 0.995 of u,, the freestream 
velocity. Even though the remaining u values in the grid above this height will still be 
calculated by the program, no more values are written to the plotting output file. 
5. Program Modifkation for Fs t ia t ing  Transition Location 
The original program uses input values to specify the onset of transition. The 
transitional flow region is then calculated using the Chen-Thyson model, shown as y, in 
Equation 3.17. In order to provide an initial estimate for the transition location when 
no other method of determination is available, a modification using Michel's criterion 
was incorporated: 
where R,= u,Olv is the Reynolds number based on momentum thickness at transition and 
Re, is the Reynolds number based on the transition location. 
C. RESULTS 
Studies were conducted to: 
validate the program by comparing to known data 
determine the effect of prescribed onset of transition 
investigate the possible occurrence of zero or negative skin friction to indicate the 
start of a laminar separation bubble before breakdown of the code 
analyze boundary layer velocity profiles on the airfoil upper surface 
evaluate the effects of changes in Reynolds number 
assess the validity of obtaining an unsteady boundary layer solution by extracting 
steady velocities from unsteady pressure distributions 
All studies presented are for a NACA 0012 airfoil defined by 100 points. The Reynolds 
number is 540,000, except where noted in the vdidation study and the Reynolds number 
effect study. 
1. Program Validation 
In order to ascertain that the results of the program could be considered 
reliable, an initial test case was run to compare with published data [Ref. 31. The test 
conditions were an AOA of 0" at a Reynolds number of 6,000,000. The first results 
obtained were in the expected range but the curves were not smooth. The problem was 
traced to a very small discrepancy in the original airfoil coordinate input file provided 
with the program which was not noticeable when the file was checked by plotting. After 
generating new airfoil coordinates and running them through panel to get new velocities, 
smooth boundary layer results were obtained. Figure 3.2 shows the computed skin 
friction coefficient and displacement thickness and Figure 3.3 shows the published 
results. The plots exhibit excellent agreement. 
2. Transition Onset Location 
In the next study, the convergence of bEd at a lower Reynolds number of 
540,000 was investigated. The input value for the location of the start of the transition 
range was found to be the most critical factor. Starting at an angle of attack of O", 
transition values obtained from incompbl (Chapter 4) were initially used. The program 
converged to a reasonable solution as determined by viewing plots of the various output 
files. At 2" however, the program would not converge using the estimated transition 
x/c 
Figure 3.2 Coniputed C,and 6*, NACA 0012, AOA=Oo, Re=6,000,000 
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Figure 3.3 Reference C, and 6*, NACA 0012, AOA=OO, Re=6,000,000 
value. Experimentation with this input parameter showed that moving it back usually 
made the convergence even worse, but in moving it forward, a point was reached where 
a solution could be obtained. Moreover, this solution was one that could be reasonably 
expected based on the previous solution at 0'. Similar experimentation was performed 
in AOA increments of 2" until excessive separation at high angle of attack caused the 
code to break down. The same study was also conducted later using the version of bI2d 
modified to make transition estimates. Table 3.1 shows a comparison between the values 
estimated by the two programs and the value actually needed for the program to 
converge. 
Table 3.1 COMPARISON OF TRANSITION ONSET 
11 AOA 1 INCOMPBL I BL2D convergence % diff 11 
11 O" 11 .585 1 ,597 1 either 1 0.0 I( 
The first significant point to note is that the transition values produced by the 
modified version of bI2d are consistently close to the values produced by incompbl, 
showing that the criterion has, in fact, been programmed correctly. The differences can 
be attributed to several factors: 
slightly different values are input into the criterion equation for each program 
incompbl outputs the xlc value of the nodal point nearest the calculated transition 
onset, as opposed to the actual value 
if the onset of transition is located inside a separation bubble by the initial 
calculation, incompbl arbitrarily moves it to the start of the bubble 
The third column shows how far forward the transition point was moved to obtain 
convergence, where the first AOA did not exhibit sensitivity. The last column shows the 
percent difference between the best estimate and the value required for convergence. 
Most were fairly close, with even the worst case less than 30% forward of the first 
estimate. This sets a reasonable bound for necessary experimentation with the transition 
location. 
3. Laminar Separation 
a. Skin Friction Coefficient and Displacement Thickness 
Figures 3.4-3.10 show the progression of skin friction coefficient (C,) 
and displacement thickness (6*) as the AOA ranges from 0 to 12 degrees. The transition 
onset may be observed as the point where C, reaches as minimum then dramatically 
increases, indicating the change from laminar to turbulent flow. The transition point 
moves forward as the angle of attack increases. The minimum value of C, decreases 
with increasing angle of attack. When the C, reaches zero, separation is indicated. 
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Figure 3.4 BL2D: C, and 6*, NACA 0012, AOA=O0, Re=540,000 
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Fgure 3.5 BL2D: C, and 6*, NACA 0012, AOA=2", Re=540,000 
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Figure 3.6 BUD: C, and 6*, NACA 0012, AOA=4", Re=540,000 
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Figure 3.10 BUD: Cf and 6*, NACA 0012, AOA=12", Re=540,000 
Knowing that the boundary layer equations break down when separation 
occurs, the anticipated information of this study was the x/c location of transition for as 
many angles of attack as possible before the C, became negative, where it was assumed 
the program would not run. A beneficial discovery of this study is the ability of the 
program to recover from mild amounts of separation with meaningful results. At 4", the 
first encounter with separation may be observed as the C, just dips below zero. The 
pattern over the remaining airfoil surface suggests a separation "bubble" after which the 
flow reattaches, as opposed to near-stall separation. The program exhibited this recovery 
behavior all the way to 10". The final plot at 12" shows that even though a solution was 
produced, convergence was not attained and the results were meaningless due to the 
greater amount of separation. 
b. Boundary Layer Velocity Profiles 
To complement the skin friction study and to further investigate the 
pattern of laminar separation, the program was modified to calculate and produce plotting 
output for velocity profiles at evenly spaced intervals along the top surface of the airfoil. 
Results are shown in Figures 3.11-3.16 for an AOA range of 0 to 10 degrees. Boundary 
layer growth is evident as the angle of attack increases. Furthermore, the region most 
prone to separation, as revealed by the point of inflection in the velocity profile, moves 
forward with increasing angle of attack, confirming the indications of the skin friction 
plots. 
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Figure 3.11 BUD: Velocity Profiles, NACA 0012, AOA=OO, Re=540,000 
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igure 3.12 BL2D: Velocity Profiles, NACA 0012, AOA=ZO, Re=540,000 
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Figure 3.14 BL2D: Velocity Profiles, NACA 0012, AOA =6", Re=540,000 
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Figure 3.15 B U D :  Velocity Profiles, NACA 0012, AOA=8O, Re=540,000 
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Figure 3.16 BL2D: Velocity Profiles, NACA 0012, AOA=1O0, Re=540,000 
4. Reynolds Number Changes 
The direct boundary layer code was run for Reynolds numbers of 540,000, 
750,000, and 1,000,000. A representative sample of the results at 2' is presented in 
Figure 3.17, showing a comparison of the skin friction coefficients. As the Reynolds 
number increases, two effects may be observed. First, the transition point moves 
forward, so there is more turbulent flow. This occurs on both surfaces, although only 
the upper surface is plotted. In addition, the minimum value of C, increases. Both 
effects suggest that separation is less likely to occur as Reynolds number increases, all 
other conditions being constant. 
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igure 3.17 BUD: Effects of Reynolds Number Changes 
5. Unsteady Boundary Layers 
By correlating an unsteady pressure distribution with a similar steady one, the 
question arises as to whether the steady direct boundary layer code can process the data 
in the form of a steady velocity distribution and produce results that correspond to the 
unsteady case. In the studies of Neace [Ref. 41, it was shown that an unsteady pressure 
distribution at a certain angle of attack has a closely matching steady pressure distribution 
at an angle of attack approximately 2" lower. For example, 10.14" unsteady corresponds 
to 8" steady. An unsteady panel method program called U2DIIF was used to calculate 
unsteady pressure distributions for ramp motion. With the hypothesis that the boundary 
layer characteristics, steady or unsteady, are driven by the pressure distribution, the 
pressures were converted to "steady" velocities for the unsteady angles of attack using 
Bernoulli's equation. Steady velocities for steady angles of attack were computed with 
the program panel. In Figure 3.18, the comparison between steady and unsteady 
velocity distributions reveals excellent agreement on the upper surface and fair agreement 
on the lower surface. Since velocity is the main input to bl2d, and the upper surface is 
much more critical (for positive angles of attack), the strong correlation suggests that the 
steady boundary layer code may indeed be able to produce results for the unsteady case. 
Many attempts were made to obtain such results using all of the methods explained in 
other sections to facilitate convergence. No solution was found for any of the cases 
investigated, however. Apparently, the differences on the lower surface had more effect 
than anticipated. Future investigations could include a modified velocity input, where 






































igure 3.18 Comparison of Steady and Unsteady Velocity Distributions 
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Smoothness should be ensured in the connecting areas. A compressibility correction may 
also make a difference. 
D. USER'S GUIDE TO BUD 
1. Output from the Program PANEL 
Three files are output from the panel code described in the previous chapter. 
The file vel.dat is simply a printout of xlc and velocity relative freestream data, mainly 
for plotting purposes if desired. Even though, during computation in the program, panels 
on the lower surface downstream of the stagnation point were taken to have negative 
"directional" velocities, the output file correctly displays the positive "physical" 
velocities. The file cp.dat lists xlc and pressure distribution data. The other output file, 
called bl2d.dat, is generated to be compatible with the program bEd as input. An 
example input file for the modified program is included in Appendix A. 
2. Input Description 
The first line of bl2d.dat consists of Reynolds number, transition location 
(xlc) on the upper surface, and transition location on the lower surface. The next line 
indicates the number of points and the i value of the location of the stagnation point. For 
the modified version, an additional input value is the transition flag. This indicates if the 
run is an initial estimate (0) or the transition values are fairly well determined and valid 
boundary layer calculations are desired. The remaining lines are identical to the velocity 
output file, except that ylc values of the airfoil coordinates are also included. Note that 
these velocities correspond to a particular angle of attack, the one that was specified 
when panel was run. The actual value of the angle of attack is not listed separately in 
the file. 
The file bl2d.dat may be edited, replacing the originally specified values in 
the first few lines with new values for the desired flow. The Reynolds number is based 
on the appropriate reference length, usually the chord for an airfoil. The transition 
locations may be obtained from experimental data or from a calculation method. In the 
modified version, Michel's method may be used to initially estimate the location of 
transition onset. If no information is known before using the program, the transition 
values specified for the first run should be large enough to be downstream of the actual 
transition points, yet not so large that the program will not converge. The arbitrary 
values supplied by the program panel are 0.8 for the upper surface and 0.999 for the 
lower surface. If the transition flag at the end of the next line in the input file is set to 
0, a run of the program will show estimates for transition location on the screen but these 
values will not be used for the boundary layer calculations. The input file should be 
edited, replacing the initial downstream transition values with the estimates and changing 
the transition flag to 1. If the program does not converge with these values, it will be 
necessary to experiment with slight deviations in the upper surface value. Since the 
transition value calculated is only an estimate, this experimentation procedure is the rule 
rather than the exception, especially at higher angles of attack. 
For the stagnation location, it is important to not simply take the i value from 
the velocity output which corresponds to the velocity closest to zero. In order to work 
properly, bad usually requires the i value for the first point a@ the stagnation point, 
where points are numbered in a clockwise direction from the trailing edge. With only 
positive velocities to inspect, it is impossible to tell where this occurs. The program 
panel, however, uses the negative directional velocities in its calculations and 
automatically determines the proper i value to send to the output file bl2d.dat. If 
convergence cannot be obtained by varying the transition location, it may help in some 
cases to decrease the predetermined i value of the stagnation location by one. 
3. Program Operation 
When all necessary values have been changed, rename the input file 
appropriately for reference, such as bl5.dat for an AOA of 5" .  Subsequent runs of the 
program panel for other AOA's will overwrite the output file bl2d.dat. When ready to 
run b12d, copy the desired input file to bl2d.dat, the required input file name. To run 
the program, type: 
> bl2d 
Convergence may most easily be observed by plotting output files such as the skin 
friction coefficient. Modifications to various parameters as explained in the previous 
section may facilitate convergence. In some cases, however, such as an unusually shaped 
airfoil, a highly cambered airfoil, or a standard airfoil with a faulty input file, 
convergence may not be attainable. Additionally, all airfoils at a high enough angle of 
attack will cause the program to break down, as the direct boundary layer method cannot 
handle significant separation. 
Modifications may be made to the resulting plot using gnuplot commands, Appendix B, 
or editing the command file in a separate window. 
5. PC Version 
To increase its accessibility, bl2d was also converted to a version compatible 
with personal computers. Additional programs included on the Boundary Layer 
Analysis disk are a PC version of panel, an airfoil point generation program called 
airfoil, a PC version of gnuplot, and the command plotting file profile. Most of the 
instructions are the same for this version, but there are a few differences. The programs 
panel and bltd are restricted to 100 or less airfoil points due to array limitations in the 
PC FORTRAN compiler. An automatic rerun feature was incorporated into bl2d for the 
case of initial transition estimates, where the first run internally restarts using the 
calculated estimates for boundary layer calculations. Finally, the velocity profiles are 
output only to a comprehensive file called profi1el.dat instead of FOR060.DAT. There 
are no individual velocity profile files. The horizontal line file called FORO55.DAT in 
the UNIX version is called profile2.dat for the PC version. 
IV. VISCOUS-INVISCID INTERACTION CODE 
A. THEORY 
The direct boundary layer code, described in the previous chapter, calculates a 
displacement thickness for a prescribed pressure distribution (or equivalently, a velocity 
distribution, for incompressible flow). As the name implies, it is a direct calculation 
involving one pass, thus very little time is required. Another method, known as the 
inverse boundary layer method, calculates a pressure (or velocity) distribution for a 
prescribed displacement thickness. The displacement thickness represents an "effective 
body" as far as the flow is concerned. Iteration is required and the method requires 
considerably more calculation time. The main advantage of the inverse method is the 
ability to calculate through regions of separation. 
The simplest viscous-inviscid interaction method divides the flowfield into an inner 
viscous region where boundary layer calculations are performed and an outer inviscid 
region where potential flow analysis prevails. The solutions are then iterated until they 
match along the dividing line. This method has "weak" interaction because the only 
exchange of information is along the boundary. 
In the strong interaction method, both the pressure and displacement thickness are 
treated as unknowns and are solved simultaneously with successive sweeps over the 
airfoil. The external boundary condition for the boundary layer equation at the outer 
edge of the viscous region is 
u,(x) =u;(x) + 8u,(x) (4.1) 
where u,O(x) is the inviscid velocity over the airfoil and 6ue(x) is the perturbation due to 
viscous effects, expressed as 
lZb d 1 8u,(~)=-$-[~(o)6 '(a)] -do 
x do x-a 
*a 
where d(uJ*)ldo is the blowing velocity. Equations 4.1 and 4.2 comprise the 
interaction, or coupling law. The interaction takes place between x, and x,. The 
integral term is known as the Hilben integral, in which the displacement effect is 
modeled by source/sink distributions using potential flow theory. 
B. COMPUTER CODE 
1. Overview 
The viscous-inviscid program incorporates a self-contained panel code based 
on the Hess-Smith method, a boundary layer calculation routine, and an interaction 
scheme. The inviscid panel method is similar to the program panel described in Chapter 
2; however, the boundary condition of zero normal velocity on the surface of the body 
is replaced by a blowing velocity determined from the boundary layer calculations. This 
blowing velocity is used to represent the viscous effects on the inviscid flow. The 
boundary layer method is similar to the program bl2d with some modifications that 
account for the presence of the wake and for low Reynolds number flows. The viscous- 
inviscid code used for the investigation was developed by T. Cebeci. Run time on the 
Stardent computer is about five minutes. 
2. Models 
a. Turbulence Model 
As in the direct boundary layer program, the eddy-viscosity formulation 
of Cebeci and Smith is used, with separate formulas for the inner and outer regions. 
This model in this program has the additional features of low Reynolds number effects 
and a wake flow model. The modified equations are expressed as: 
where 
and the transition length is represented by 
For the wake flow, the eddy-viscosity formulation is 
where (€2, specifies the eddy viscosity of the far wake, taken as the maximum of the 
lower and upper wake eddy viscosities: 
with y,, the location where u = b .  
b. Tmnsition Model 
The program uses an empirical formula called Michel's criterion to 
calculate a first approximation to the transition location on the upper and lower airfoil 
surfaces. It is expressed as a relationship between the Reynolds numbers based on 
momentum thickness and on the x (surface) location of transition: 
This is the same equation used in the modified version of bud. The program incompbl, 
however, sometimes adjusts the resulting value. If an area of separation with subsequent 
reattachment is calculated, the transition onset is moved to the beginning of the 
separation bubble. The transition location that is printed in the output file always 
corresponds to a nodal point. In many cases, the program will produce a fairly accurate 
result. Sometimes, however, a refinement may be needed. This may be done by 
experimenting with small shifts around the calculated value, as described in Chapter 3 
for the direct boundary layer program. The experimentation may be implemented by 
using the transition specification option, which ovemdes calculation. Input options are 
described in the User's Guide section. 
A more advanced technique, suggested by Cebeci, is the en method, 
which makes use of linear stability theory. A separate stabilityltransition code 
incorporating this method is run using the output of the viscous/inviscid code (Michel's 
criterion) as the first estimate. The new value is supplied as input to the first code, this 
time ovemding Michel's criterion. This type of manual iteration continues until 
convergence, usually within three to four cycles. At the present time, determination of 
all required input values and analysis of the output require significant experience and 
judgment, prohibiting a programmed link between the two codes until further refinement 
is accomplished. The en method was not used in this study. 
As in the program b12d, the program incompbl uses the Chen-Thyson 
transition range model to calculate the length of the transition region. Equation 4.5 
shows the modified version of this model. The program incorporates an improvement 
for G,, the transition length parameter. G, may be identified by reducing the (3/C2) 
term to the form (llGvJ, with G,,=C2/3. In the original model, the constant C has a 
recommended value of 60, resulting in Gv,= 1200. Whereas a value of 1200 may work 
well for large Reynolds numbers, values from 20 to 80 have been shown to be most 
successful in low Reynolds number flows where separation bubbles exist [Ref. 51. The 
program determines an appropriate value using an empirical correlation formula in the 
form of C2, also shown in Equation 4.5. 
3. Numerical Techniques 
a. Hilbert Integml 
Equation 4.1, containing the Hilbert integral, may be approximated in 
discretized form as 
where u;(x) corresponds to the inviscid velocity distribution which contains the 
displacement thickness effect (6*)" and cij is a matrix of interaction coefficients which are 
functions of geometry only. 
b. FLARE Approximation 
In regions of recirculating flow, such as a separation bubble, numerical 
stability difficulties may be encountered. The FLARE approximation, due to FLiigge- 
Lotz and Reyhner, neglects the longitudinal convective term u(aulax) in the region of 
negative u velocity. 
C. RESULTS 
Studies were conducted to: 
Determine the effect of including the wake in the calculations 
Investigate the possible occurrence of negative skin friction and to determine its 
significance 
Compare the results with the direct boundary layer code 
Since the viscous-inviscid method has the ability to calculate through regions of 
separation, additional information was anticipated beyond that provided by the direct 
boundary layer method. 
1. Wake Calculations 
Since one of the input options is for the inclusion of wake calculations, 
investigations were performed to determine its effect. Calculations may be limited to the 
airfoil surface only, or a grid extending into the wake region may also be used. A 
representative sample of the results is shown in Figure 4.1, depicting the skin friction 
coefficient for three angles of attack. At 2", the main difference is a movement aft of 
the transition point, where the remainder of the curve maintains its original shape. At 
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6",  the transition point also moves forward; however, the shape of the turbulent section 
is slightly altered. At loo, the transition point is unchanged. More significant changes 
occur progressing across the top of the airfoil, leading to a delay in the point where the 
skin friction falls below zero. Thus, the primary effect of wake flow is to reduce flow 
separation on the airfoil, especially important at higher angles of attack. This will allow 
calculations to continue when convergence may not have been reached otherwise. These 
results are consistent with those found by Cebeci Ref. 61. Therefore, the wake was used 
in all further studies using this code. 
2. Laminar Separation 
a. Comparison with Direct Boundary Layer Method 
The program incompbl was run for the same conditions as the previous 
study with bud, a NACA 0012 airfoil with a Reynolds number of 540,000. The angle 
of attack was increased in two degree increments. Figures 4.2 to 4.7 compare the skin 
friction results for both programs. The low angles of attack show excellent agreement 
in the laminar region. As the angle of attack increases, the most notable difference is 
the absence of C, < 0 for the viscous-inviscid method. Since the direct boundary layer 
code failed to converge with separation greater than that produced at loo, no comparison 
could be performed beyond this point. 
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igure 4.7 C, Comparison, NACA 0012, AOA=lOO, Re=540,000 
b. Investigation of Higher Angles of Attack 
In Figures 4.8 to 4.14, the angle of attack for the viscous-inviscid code 
was increased further in search of separation, indicated by C,<O. Finer increments were 
used when separation appeared to be imminent. Separation did not occur until 13.3O 
and was gone by 13.4". A final plot at 14' shows that the remaining trend is an increase 
in the minimum value of C,. The amount of separation at 13.3" was minuscule, as only 
one data point fell below zero with a value of -0.00065. 
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Figure 4.8 INCOMPBL: C,, NACA 0012, AOA=12", Re=540,000 
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gure 4.9 INCOMPBL: C,, NACA 0012, AOA=13", Re=540,000 
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igure 4.10 INCOMPBL: C,, NACA 0012, AOA=13.1°, Re=540,000 
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gure 4.14 WCOMPBL: C ,  NACA 0012, AOA=14", Re=540,000 
D. USER'S GUIDE TO INCOMPBL 
1. Required Files 
The files required in a directory to run this program are: 
incompbl*: a compiled, executable program compatible with the computer being 
used (arbitrary name if starting from source code) 
FOR001.DAT (Stardent) or fort.1 (IRIS): first input file containing airfoil related 
data (required name) 
incompbl.dat: second input file containing flow and calculation information 
(arbitrary name) 
2. UNIX FORTRAN 
There are three ways to get data from external input files into a FORTRAN 
program on a UNIX based system. The first uses an OPEN statement which associates 
a specific input file name with a file number, just as on a personal computer. This 
method is not used in this program. The second method has READ statements using file 
numbers not declared by an OPEN statement. In this case, a default file name such as 
FOR001.DAT is assumed for a READ statement referencing a file number of one, for 
example. The program uses this method for the first input file (hence the required name) 
as well as many output files, which the user can modify or add to in the source code 
before compilation. The third method, which may be used only once in a program, is 
to specify an input file on the command line at execution time. The file can have any 
name chosen by the user as long as that file has data in the correct format expected by 
the program. READ statements using a file number of five assume interactive input 
from the keyboard during execution or an input file name in the command line. 
3. Starting from the Source Code 
If the compiled version is not available or it is not certain which source code 
file corresponds to the compiled file that exists, the source code is the best starting point. 
Otherwise, proceed with execution procedures in the next section. 
The source code incompbl.f may be obtained from either the Stardent or IRIS 
computer and transferred from one to the other as needed using the ftp utility. Once 
compiled, however, the program will be computer specific, even if the executable 
versions have the same name. 
Modifications may be made to the source code first if desired. For example, 
a WRITE (32,*) statement could be inserted to output specific data to a file with a 
default name of FOR032.DAT (Stardent) or fort.32 (IRIS). This method is often used 
to quickly obtain files of x/c vs. velocity, pressure, or other parameters for plotting. 
To compile the FORTRAN source code for the Stardent, type: 
> fc -02 -0 incompbl incompb1.f 
The term fc is for FORTRAN Compile. The term -02 permits vector optimization. The 
program will run without it, but a warning notice will be issued after compilation. Note 
the use of the letter "O", not the number zero, "0". DO NOT use the option -03 
instead. This option is for parallel processing, a feature not currently incorporated on 
the NPS Stardent. The program may appear to successfully compile and run, but there 
will usually be errors in the output. The term following the -0 is the name of the output 
executable program. Any name may be used. The program name will be displayed with 
an asterisk (*) following it in the directory listing to indicate that it is an executable 
program. Finally, the source code or codes are listed in order, only one being used in 
this case. To compile on the IRIS, type 
> f77 - 0 3  -0 incornpbl incompbl.f 
The optimization levels have different meanings on the IRIS and - 0 3  is the correct 
parameter. 
During the compilation process, a file incompb1.0, called an object file, is 
produced appears in the directory listing. This file is not needed in this application and 
may be deleted. 
4. Input File Editing 
The first input file pertains to the panel method part of the program and is 
called FOR001.DAT (Stardent) or fort.1 (IRIS). A sample file is included in Appendix 
A. The first line is simply a number telling how many of the following lines are for 
comments. The next few lines contain the comments, such as the type airfoil being 
analyzed, the date of the test, or any other information useful to the user. The next 
group of data consists of the angle of attack (ALPI), the x/c location of the pivot about 
which the airfoil rotates to a new angle of attack (PIVOT), and the number of panels 
defining the lower and upper surfaces (NLOWER and NUPPER, respectively). Finally, 
the x/c and ylc coordinates are listed in separate blocks, with the order starting at or near 
the trailing edge, proceeding across the lower surface, then the upper surface, and ending 
at or near the trailing edge. The number of points will be one higher than the number 
of panels, even if the first and last points coincide. The trailing edge point simply is 
listed twice in this case. The only part of this file that is likely to get changed on a 
routine basis is the angle of attack, as the other values are usually fixed for a given 
airfoil. 
The other input file pertains to the boundary layer part of the code. This file 
is normally called ineompbl.dat, although the user may give it any name and use this 
name on the command line at the time of execution. A sample input file is included in 
Appendix A. IWAKE is the viscous wake flow flag. A zero indicates that these effects 
will not be included, while a one indicates that they will be included. NXT dictates the 
number of chordwise stations on the body. N W  sets the number of chordwise stations 
in the wake. ITREND refers to the number of calculation cycles, where 20 is a good 
starting number, and 30 or 40 may be needed. ITR(1) is a flag for the transition location 
specification method for the upper surface. A zero will activate a calculation using 
Michel's method, and a one indicates that the location will be provided as part of the 
input. ITR(2), for the lower surface, should be zero. ISWPMX is the number of sweeps 
in each cycle. A cycle corresponds to the calculation of inviscid and viscous flow 
equations. One sweep is usually sufficient but, in some cases, it may be necessary to use 
2 or 3 sweeps in one cycle. RL is the Reynolds number based on chord length. 
XCTR(1) is the x/c value for the transition location on the upper surface. This value is 
only used if ITR(I)=l; otherwise, it will be ignored. IP is the print flag, which should 
normally be set to one to obtain output. This screen output can be redirected to a file 
for later use by including the proper option on the command line at the time of 
execution. If IP=O, the standard output will not be generated. 
5. Program fiecution 
After ensuring the appropriate files are properly edited and are present in the 
directory, type: 
> incompbl < incompbl.dat > incompbl.out 
Several new files will appear in the directory after running the program. Any write 
statements incorporated into the program using the default numbering format will produce 
files such as FOR032.DAT (Stardent) for fort.32 (IRIS). The output file incompbl.out 
will have a comprehensive summary of the input data, and output data such as C, C,, 




The experimental work described in this chapter was performed as part of a 
continuing series of investigations by M. S. Chandrasekhara and L. W. Carr in the 
Compressible Dynamic Stall Facility (CDSF) of the Fluid Mechanics Laboratory (FML) 
at NASA Ames Research Center. The steady flow density field around a NACA 0012 
airfoil at a Reynolds number of 540,000 was photographed using the technique of Point 
Diffraction Interferometry [Ref. 71. 
A sample photograph, called an interferogram, is shown in Figure 5.1. The bright 
and dark areas emanating from the airfoil are called fringes, and each one represents a 
line of constant density. The stagnation point may be easily identified as the center of 
the smallest fringe on the lower surface (for a positive angle of attack). The flow 
accelerates around the leading edge of the airfoil. The example shown also reveals the 
presence of a laminar separation bubble just aft of the leading edge, distinguished by a 
characteristic fringe pattern. 
For a given freestream Mach number, the fringes may also be correlated with 
particular Mach numbers and pressures in isentropic flow. For a standard interferometer 
and two dimensional flow, the path length difference APL due to density changes can be 
related to the fringe number 6 :  

where n is the refractive index of the signal beam, k, refers to the reference beam, h, 
is the wave length of light used, and L is the test section span. An integer value for E 
results in a bright fringe, while an integer plus one half corresponds to a dark fringe. 
Using the Gladstone-Dale equation pe f .  81 and the perfect gas equation, Equation 5.1 
reduces to 
where p is the density of the fringe, p, refers to freestream conditions, and A is a 
constant determined from the experimental parameters. With &=532 nm, L=25 cm, 
(no-1)=2.733 x lo4 , and total or stagnation density po=1.21 kglm3, A=0.009421 
kglm3. Dividing by po, 
Using the relationship 
with p=p, and M=M,, p,lp, is a function of freestream Mach number only for y = 1.4. 
For the present case of M=0.3, the term p,lp, is constant at 0.956. Equation 5.3 may 
now be written as 
Thus, quantitative density measurements are available knowing only the fringe number. 
The fringe numbers are determined by identifying the fringe number of the stagnation 
fringe as the highest fringe number, and counting down around the leading edge and 
upper surface of the airfoil. With p l p , = l  in Equation 5 . 5 , ~  = 6 .  Knowing the densities, 
pressures may be calculated in a straightforward manner: 
Mach numbers for each fringe may be calculated using Equation 5.4. 
The photographs for various angles of attack are identified using particular settings 
on the equipment. A correlation between settings and angles of attack is presented in 
Table 5.1. 
Table 5.1 CORRELATION OF EXPERIMENTAL SETTLNGS AND AOA 
B. IMAGE PROCESSING 
1. Scanning 
The processing task began with a set of experimental interferograms at angles 
of attack ranging from 0" to 10". Each was scanned into an IRIS computer using the 
program pixscan at the Numerical Aerodynamic Simulation Facility at NASA Ames 
Research Center. Options for contrast enhancement (gamma correction) and grayscale 
were used. A photograph of the airfoil in no-flow conditions was also scanned. All of 
the photographs were carefully placed on the scanner in a position such that the top 
surfaces of the two bottom reference triangles made a horizontal line even with the edge 
of the scanning window. The resulting scanned images were transferred via ftp to the 
IRIS computer at the Naval Postgraduate School for further processing. 
2. Editing 
Using a program called pixedit, the original flowfield images were first overlaid 
with the airfoil image. This permitted a more defined surface for analysis when the 
diffraction caused by the interferometry technique distorted the airfoil surface. The 
images were then cropped closer to the airfoil. This procedure reduced the number of 
pixels in the image, which was necessary for use with the digitizing program. A small 
section near the leading edge was also selected for enlargement, thus giving better detail 
of the laminar separation bubble region. 
In anticipation of the digitization process, reference marks at known coordinates 
were added to the two images. The original photographs provided the basis for 
coordinate system definition. The three dark triangles are located as shown in Figure 
5.2. The distance between horizontal or vertical faces of the triangles is 0.2 of the 
chord. The vertical faces of the two triangles on 
the right are located at 0.25 chord. Thus, the 
coordinates of the point at the right angle of the 
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bottom right triangle are (0.25, -0.1). 
A l 
reference mark is needed in the top left corner 
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for use with the digitization program, but none is 
provided. Therefore, a mark was constructed 
I I 
with several applications of the snap new image Figure 5.2 Reference Triangles 
feature of pixedit. Very thin horizontal and vertical lines were initially saved as separate 
images. For each interferogram, these images were read in and placed to be even with 
existing reference marks of the airfoil leading edge (vertical line) and the bottom edge 
of the upper triangle (horizontal line). The small area in the top left corner where the 
lines crossed was saved as another image and the long lines were deleted. The 
coordinates of the cross mark are (0.0, 0.1). Finally, the complete image was saved for 
further processing. A similar procedure was used to make a cross mark at (0.05, 0.0) 
for the lower right reference on the enlarged leading edge images. 
3. Fringe Tracing 
Both of the new images, the density flowfield and the enlarged leading edge, 
were digitized using the program DiiCum. The appropriate lower right and upper left 
coordinates were provided and the corresponding points on the image were selected with 
the mouse. With the coordinate system thus initialized, each curve was digitized 
separately. The centerline of the dark fringe was used for digitization. A representative 
number of points were chosen for each fringe using the left button of the mouse, always 
starting with the point where the fringe intersected the airfoil. Depressing the right 
button activated a menu with a curve fit option. The program calculated a best fit curve 
to the chosen points using a spline routine and output up to 30 (default value) new points 
to describe the curve. The fitted curve was also displayed on the screen for acceptance. 
In most cases, the computed curve had outstanding agreement with the centerline of the 
dark fringe, even when a sharp comer was involved near the end of a separation bubble. 
If the displayed curve needed refinement, the backup option removed points one by one, 
more closely spaced points were selected, and the curve was refit. After all dark fringes 
were digitized for an image, the data point output file was saved for plotting. 
The digitized data can be viewed using any plotting routine compatible with 
sequential data separated by blank lines. The program xyplot does not recognize blank 
lines and is not a good choice. The program gnuplot will properly accept data in this 

















igure 5.3 Digitized Interferogram of NACA 0012 Airfoil, AOA= 10" 
4. Printing 
To obtain graphical output on a postscript laser printer, the files must be in 
postscript format. The digitized plots are in this format and can be easily printed using 
the following commands in the Advanced Computation Laboratory at the Naval 
Postgraduate School. From the Stardent, type 
> rglp filename 
From the IRIS, type 
> Ip -dlaser filename 
The filenames may have the suffix ps to indicate that they are postscript files, but this 
is for reference only and is not required by the printer. 
The images output from pixedit are not directly compatible with the postscript 
printer. Using the IRIS computer, they must first be converted to sgi format: 
> pix2sgi infilename outfilenamesgi 
Again, the suffix is optional. The next step is a conversion to postscript format: 
>tops infilenarne.sgi -p 98.0 > outfi1ename.p~ 
All suffixes are optional. The -p 98.0 option preserves the proportions of the original 
image; otherwise, it may be distorted when stretched to fill up the printed page. 
The > symbol redirects the screen output to the specified output file. There are a 
number of other options available, including size and color. For a full description of 
options, type 
>man tops 
to obtain the on-line help manual entry on this conversion program. 
C. ANALYSIS 
The primary information desired from the interferograms was the location of the 
start of the laminar separation bubble, when it existed. Figure 5.4 shows an enlarged 
image at 6", where a bubble is first formed. Using the digitized data file of this image, 
precise xlc locations of the intersections of the fringes with the airfoil surface may be 
determined, as is the first point digitized for each fringe. Starting with the stagnation 
fringe, the first dark fringe always has a number of 5.5 (for the present case of 
M,=0.3). Subsequent dark fringes have numbers 4.5, 3.5, etc. Negative fringe 
numbers are possible. Converting pressures to pressure coefficients (C,), a table of 
fringe numbers and corresponding C,'s may be produced and used for all interferograms 
with the same freestream Mach number. The program pres (Appendix A) was written 
to process the data as described and output a plotting file of xlc vs. C,. Figure 5.5 
shows the digitized image at 6" and the corresponding C, plot. The most important 
feature is the pressure plateau, which reveals the existence and location of a separation 
bubble. The bubble starts at a chord location of 0.015. Interferograms for other angles 
of attack were analyzed in the same manner. Figure 5.6 shows a comprehensive plot for 
an angle of attack range from 6" to 10". As the angle of attack increases, the length of 
the bubble increases, and the starting location moves slightly forward. 
gure 5.4 Enlarged Leading Edge Interferogram, AOA=6" 
90 
NACA 0012 AOA=6 deg. Re=540000 Experiment 
igure 5.5 Digitized lnterferogram and C, Plot, AOA=6" 
gure 5.6 C, Plots Showing Separation Bubble, AOA=610° 
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D. COMPARISON OF RESULTS TO COMPUTATION 
Table 5.2 compares the experimental results to those obtained by bl2d and 
incompbl. The direct boundary layer code shows a very small separation bubble at 4"; 
however, none is present in the experiment. At 6",  the bubble's existence is correctly 
detected, but the computational location is slightly aft of the experimental value. The 
higher angles of attack show excellent agreement, with differences of only 0.3% of 
chord. In contrast, the viscous-inviscid code failed to predict any separation until 13.3'. 
Since this is past the steady stall angle of 12.4", there is no experimental bubble to 
compare with. Even if stall had not occurred, the trend clearly indicates that the location 
would be in great error as well. 
Table 5.2 COMPARISON OF BUBBLE START LOCATIONS 
VI. NAVIER-STOKES CODE 
A. OVERVIEW 
A time-averaged Navier-Stokes (NS) code called ns2 was used for a final study. 
This method has the advantage of including compressibility effects. While at a Mach 
number of 0.3 the effects are small, it is just on the border of the region that is usually 
considered acceptable for the assumption of incompressibility. A disadvantage of this 
method, as mentioned in the transition discussion of Chapter 2, is the lack of a transition 
model. Turbulent flow is assumed throughout the flowfield. The code also takes three 
to four hours to run on a Stardent computer. Nevertheless, Navier-Stokes codes are 
often regarded as the best computation method currently available and warrant 
consideration. The details of the time-averaged NS equations, their derivation, and their 
discretization are well documented elsewhere [Ref. 91 and will not be reviewed here. 
The particular code used for this investigation was developed by J. A. Ekaterinaris of the 
Navy-NASA Joint Institute of Aeronautics. 
B. RESULTS 
The code was run for a NACA 0012 airfoil, with a Mach number of 0.3 and a 
Reynolds number of 540,000. A 161x64 C-type grid with a very fine distribution normal 
to the surface in the viscous region was used. The grid is shown in Figure 6.1. The 
Baldwin-Lomax model was used for turbulence modeling. The program was run to 2000 

iterations, where the residuals had dropped two orders of magnitude. Figures 6.2 to 6.4 
show comparisons of the computational density fields to the experimental interferograms. 
At 0°, there is no separation bubble and the agreement appears to be good. At 6", the 
experimental bubble first appears at xlc=0.015. All of the computational density curves 
emanate from the leading edge. This is consistent with the lack of a transition model. 
At lo0, both methods show a large bubble. The NS bubble is much further aft. There 
is also a small extra bubble near the leading edge. It appears that the "state of the art" 
method is not always best for representing reality, particularly for low Reynolds number 
flows. The author is, however, currently working on a version of the program which 
will incorporate transition calculations and preliminary work indicates that results will 
be much better. 
I 
Figure 6.2 Comparison of NS and Experiment, AOA=Oo 
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In the computational investigations of a NACA 0012 airfoil in low Reynolds 
number flows, several important discoveries have been made. First, even though Navier- 
Stokes codes are the most advanced computational method currently available, they are 
not always appropriate. Specifically, a transition model is necessary for the case of low 
Reynolds number flows. Even if accurate results may be obtained, the method is not 
practical for many applications due to its high cost in time and money. The viscous- 
inviscid method seems to offer very advanced calculations at a very inexpensive price. 
The problem with this code used alone, however, is that it simply does not give correct 
results for separation bubbles in low Reynolds number flows. A compressibility 
correction in a future version may alleviate the problem. Using a stabilityltransition 
method in conjunction with the code will certainly provide more refined transition 
estimates, which may influence separation bubble results. Finally, the relatively simple 
and often overlooked direct boundary layer method can provide meaningful information 
about separation bubbles in low Reynolds number flows. Given that the code is also very 
fast, it may be used efficiently in the design stages and quality assurance checking of 
many aeronautical applications. 
Successful or not, all current computational methods have several important 
limitations. All are dependent on empirical models for transition onset, transition length, 
and turbulence. The models are often formulated for specific parameter ranges outside 
of which agreement is poor. Until there is sufficient computing power available to solve 
thefull Navier-Stokes codes, it is imperative to check the applicability of the models and 
the assumptions of the equations on which a method is based before using a program and 
counting on the results to be reliable. 
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APPENDIX A: COMPUTER PROGRAMS AND FILES 
The following programs and inpuUoutput files are presented in logical order of use. The 
input and output files are examples only. The input values may be modified as described 
in the appropriate User's Guide section. The program incompbi comprises 90 pages in 
length and was not modified other than inserting WRITE statements to extract data for 
plotting; thus, the source code is not included. 
Input file: pointsdat 
Source code: pane1.f 
Page 1 
P R O G W  PANEL 
AUTIIOR: L. M. NOWAK 
DATE: 6 NOV 91 modified: N Y ,  AUG 1992 
PURPOSE: CALCULATE THE VELOCITIES ON AN AIRFOIL USING A PANEL METHOD. 
LIM: Arrays currently dimensioned for maximum of ~ = 2 0 0  panel3 
Input data file pointn.dat will have N.1 polnts 
Ovrpvt veiocitien are referenced to freestream, ie. v/vlnf 
MFvHOD: FLOWFIELD CONSISTS OF THREE SIMPLER FLOWS: FREESTREW, SOURCE, 
AND VORTICITY. SOURCE DISTRIBUTIONS q(j1 VARY FROM PANEL To 
PANEL. VORTICITY STRENGTH G W  IS THE SANE FOR ALL PANELS. 
BOUNDARY CONDITIONS INCLUDE FLOW TANGENCY AT CONTROL POINTS AND 
EUTTA CONDITION FOR FIRST AND LAST PANELS. INFLUENCE 
COEFFICIENTS COM8lNED TO P O W  NEW COEFFICIENTS IN LINEAR SYSTEM 
OF n-1 EQUATIONS, n t l  UNKNOWNS iqlll ... qlnl G-I. VELOCITIES 
AT COwTROl. ?orNTS CvALuATko fROM q 111 AN0 G&. 
NUMBER OF NODES ON AIRFOI!. SURFACE: 




PRINT .,'IWPUT X/C  TRRNSITION LOCATION FOR UPPER SL'RFASE:' 
READ ', TRANSUPPER 
PRINT '.'INFUT X/C TRRNSITION LOCIITION FOR LOWER SURFACE:' 
READ .. TRANSLOWER 
i-i CP 
---- 
"'These are arbi:rary values intsqded to be dc*.ns:rran c :  the 
.,. 




WRITE (90, 501 RI.,TRANSUPPER,TRANSI.OWER 
NRITE 194,501 RL.TRRNSU?PER.TRRNSLOWER 
50 F O N T  iF10.O,F10.4,~10.4~ 
PRIN? ','INPUT ANGLE OF ATTACK IN DEGRFES:' 
READ l,ALFRA 
ALFIlA=ALPHA'P!/l80.0 
Do 30 i = l , ~ + ]  
READ 188.251 X ~ I I , Y I I ~  
2 5 F O M T  l2iF8.6.2~11 
30 CONTINUE 
'This sectIan defines the Influence coefficienLS: 
ELSE 
Anl1,3l~l1/12~?II~'lSINlTRETADIFl'ALOGlRl1.J~1l/RIl,JI~ 












alNrl,N*li=a IN*I.N*11*8: l!.i1+BLIN, I1 
END DO 
blN~1l=-l.O~ICOSlALPHA-THETA111IiCOSlALPHA-TLIET~INlli 
Deflne auqmented matrix for input to linear s o l v e r  Subroutine GAUSS 
CALL GAUSSIN.I,MUGI 












Y C ( I I = Y ~  (II+cOSIALPHA-THETA(Il1 
cp1.0-vt (11'.2 
HRITE 125.') XMII1,VtII) 
1 V I . G T . 0  .AND. 1NSTAGFLAG.EQ.OlI 
ISTAGiI 
NSTAGFLI\G=~ 
F O W T  121F10.5,2XII 
F O W T  13lF10.511 
F O W T  13151 
WRITE 190,491 N.ISTAG.IAN5 
DO I.1.N 
WRITE 190,481 XMII~,YMIII.VtIII 
F.ND PO 
THEN 
print ','CALCULATIONS COMPLETE' 






!76 Gaurs elimination procedure obtained from Numerics! Method, t e x t  Ch.6 
177 
178 SUBROUTINE GRUSSIN.21 
179 INTEGER FV 
195 
196 DO 102C J=I*l,N 
197 IF lARSli(PV.111 .LT. P.BSIZIJ.1~1I PV=J ! 9 8  1020 CCNTINUE 
<". 
202 DO 1040 JC=l,N.I 
201 TM=ZlI,Jtl 
204 ZlI,JCI=ZlPV, JCI 
205 Z IPV.JC1 =TH 
206 1040 CONTINUE 
90, 
210 
211 1050 IF IZ(l,II.E3.01 THEN 
212 GOT0 1200 
213 END IF 

Outputhput file: bl2d.dat 
Source code: bl2d.f 
Paae 1 
................................................................ 
b!odificationa: L. H. NOWAK 
.... 
16 July 1992: 
~ d d e d  write sraremenrsl30-401 in the "DO 175" loop co ' 
output boundary layer profiles for platting 
(loo panel airfoil oniyl 
20 3uly 1992: ~ d d e d  write rtatementaI20-211 to output . 
CFIskin friction1 and DLSldelra star1 f o ~  plottlnq . 
> 
J 
. 31 ~ u q  1992: Added calculation for a w e c  of transition . 
based on ~ichel'a crirerion, added input ITPANS 
. ver. 4 
3 sep: 1992: Modified boundary layer profile output . 
LO be compatible w i t h  airfoil of any numberpoints . 
ver. 5 
3 Sepr 1992: Redimensioned all arrays to accept 
airfoll up t o  200 panels 
................................................................ 
C 
NX = 0 
ITMAX = 10 
IGROWT = 2 
EPSL = 0.0001 
EPST = 0.01 
NPT = 101 
C 
C ETA-GRID 
ETAE = 8 .0 
VGP = 1.10 
DETAIlI = 0.01 
NP = ALOGIlETAE/DETAllll~IVGF-1.01+1.01/ALOGlVGPl'1.001 
ETlilll = 0.0 
DO 10 J=2,NPT 
ETIII.7) = ETAIJ-11 + DETAIJ-ll 
DETA(Jl= VGP'DETAIJ-11 
AIJI = 0.5.DETAIJ-11 
10 CONTINUE 
C 
C INITIAL LWINAR VELOC!TI PROFILE 
DC 20 J=l.NP 
ETA0 = ETAIJI /ETAINPI 
ETAB2 = ETAB"2 
FIJ,21 = 0.25.ETAINPI~ETA82'13.0 - 0.5'ETA021 
UIJ.21 = 0.5.ETA0.13.0 - ETA021 
"(3.2) = 1.5.11.0 - ETIIB2llETAINPI 
BIJ,21 - 1.0 
20 CONTlNUE 
C 
1 NX = NX.1 
IT =o 
IGROW = 0 
- L 
5 IT = IT.1 
IF LIT .GT. ITMAXI GO TO 101 




C CHECK FOR CONVERGENCE 
IF INX .LT. NTRI THEN 
IFIA8SIDELVIllI .GT. EPSLI GO TO 5 
r, cc  
Page 2 
2 IFIIIBSIDELVIII /v11,211 .GT. EPSTI GO TO 5 
3 ENDIF 
4 C 
5 c PROFliES FOR GROWTH 
6 DO 30 J=NP*l,NPT 
1 ~(j.2) = FIJ-1.21 + DETRIJ-ll'UIJ-1,2) 
8 U(J.21 = UIJ-1.21 
9 VIJ.2I = 0.0 
0 B(J,21 = BIJ-1,21 
1 30 CONTINUE 
2 C 
3 C CHECK FOR GROWTH 
4 IF IABSlYlNP.211 .CT. 0.0005 .OR. ABSIl.O-UINP-2,21/UlNP.21~ 
5 .GT. 0.0051 THEN 
6 NP = NPt2 
1 IGROW = IGROW+l 
B IF INP .LE. NPT .AND. IGROW .LE. IGROWTI THEN 
9 IT = 0 
0 GO TO 5 
1 ENDIF 
ENDIF t ? > .  
4 101 CALL OUTPUT 
IF (NX .LT. NXTl GO TO 1 
RETURN 
P ~ H  = 0.5 . PlINXl 
IF INX .CQ. 11 THEN 
CEL i 0.0 
CELH. 0.0 
DO 5 J=l,NP 
FlJ,l) = 0.0 
"13.11 = 0.0 
VlJ.11 0.0 
BlJ,lI = C.O 
CONTINUE 
ELSE 
CEL 7 0.5 + IXINXI lXl~X-Il)/IXINXl-XINX-lII 
CELHi 0.5 ' CEL 
ENDIF 
DO 10C J= 2,NP 
CURRENT STATION 
FB = O.5'1FlJ.21 ' FlJ-1.28) 
UB i 0.5~1UlJ.21 + UIJ-1,211 
FVB = 0.5~(FIJ,211V~J,2~*FlJ-1.2l'VlJ-1~2~~ 
YB = 0.5'IYIJ.21 i VIJ-1.211 
USB = 0.5'(ulJ.21"2 * UIJ-1,21"21 
DERBV =1~(~,21'~lJ,21 - BlJ-1,2~'VlJ-1.211~DET~~J-~~ 
PREVIOUS STATION 
CFB = 0.5'IFlJ,ll + FIJ-l,lll 
CUB = O.5'lU1Jrll UIJ-1,111 
CVB i 0.5'IVIJ.lI + VIJ-1,111 
CUSB = 0.5~IUIJ.11'.2 UIJ-1,11'.21 
CFVB = 0 . 5 ~ l F l J , 1 1 ~ V l J . 1 1 * F l J - l , l l ~ V ~ J - l r ~ ~ ~  
CDERBY = (BlJ.1) .VIJ,lI - BIJ-1, ll'VlJ-l.lll/DETAIJ-1) 
. . 
1 0  





























140 C S- COEFFICIENTS 
141 s~(J) = CELH'IFlJ.21 - CFBl + PlH.FlJ.21 ' BlJ.2l/DETAIJ-1) 
I I? s2(~) ; CELH'[FIJ-~,~)-CFB~ . P ~ I ~ ~ F ( J - ~ . ~ I - B I J - I , ~ ~ ~ D E T A ~ J ~ I I  
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L 
C R- COEFFICIENTS 
IF INX .EQ. 11 THEN 
CRB = -P2INXI 
R2IJI = CRB - IDERBV PIINXI'FVB - P21NXI'USBI 
ELSE 
CLB = CDERBV PlINX-1l'CFVB - P2INX-1IhCUSB + P2INX-11 
CRB = -CLB - CEL'CUSB - P21NXI 
R2IJI i CRB - IDERBV PI INXI *FYB- ICELIP2 INXI )*US0 I CEL' 
IFVB I CVBSFB - VB'CFB - CFVBII 
ENDIF 
RlIJl = FIJ-1.2) - FlJ.21 DETAIJ-1I'UB 




C BOUNDARY CONDITIONS 
,- 
. . . . . . .. . 
END 
COMMON /BLCO/ RL,R0Ll2!,X~?R1I21,ntflag,cranrnev(2l,~~ 
COMMON /BLCl/ ITR.XCTR.XCI2001 ,YC1200) 
COMMON /BL,C2/ NI,NXT,SF,NPT.NTR,IT,ISF 
COM!ON /BiC3/ XI2001 ,L'E12001 .P! 1200l.P212001,GMTR12001 
COVBCN /SICS/ Dl.SI200l ,VliI2001 .CF(2001 ,TBT12001 
DIMENSION N X T S F I ~ !  , X i  (200) . Y I  12001,VEI 12001 
WRITE(C.'I 'REAg!NG TFE DATA...' 
READ I 9.15 1 RL.XCTP.1 I11 ,XCTRI 121 
READ ( 9.10 1 Y l ,  IS, ITRANS 
READ I 9 .15  1 l X I l I~,~IlI!,V~IlI>,l=1,NIl 
HRITEl6..) 'INPCT OF OAT& COMPLETE.' 
C 
C DITI FOR E K H  S3RFACE 
DO 200 ISF = 1.2 
nr f laq=0 
NXT = NXTSFIISFI 
GO TO 1201,2021.1SF 
I C 
i C LOWER SURFACE 
202 I1 = IS*l 
00 212 I=l,NXT 
11 = 11-1 
Page 4 
XCIII - XIIII1 
ICII1 7 lI1111 
Ur(11 = YEIIIII 
212 CONTINUE 
C 
c TRANSITION LOCATION 
DO 320 l=l,NXT 
GMTRlIl ' 0.0 
r c  lXClll .GE. XCTRIIISFII GO TO 321 
.. . . - 
CONTINUE 
NTR = I 
PGMTR = 1200. 
RXNTR 0 XINTR-11 UEINTR-11 ' RL 
GGFT = R L " ~ / R X N T R ' . I . ~ ~ ' U E I N T R - ~ ~ " ~  
322 COX~INUE 
123 Do 324 :I=I.NXT 
324 GMTPIIII ' 1.0 
DL2 = DX 
DO 331 1 = 2,NXT-! 
AhGI = ANG2 
DL1 = DL2 
DX - Xll+:l-Y.lll 
DUE = UElI+1l-CZl1l 
ANG2 = ATAN2 1DUE.DXI 
DL2 DX 
,&NG = (DLZ'ANG!~D:I~~NG~I llDL!+2L2! 
D 7 l T l  =ThNIANGI 
331 CONTINUE 
P21NXTI = 2:DUE/DL2 - ??INXI-11 
DO 330 I = 2,NXT 
P2lll = XIII, P2lIl /UEl!l 
P l , , ,  = 0.5 (1.0 . P2lIll 
C BOUNDRRY LAYER CALCULATION 
WRlt516;I 'BOUNDARY LAYER COMFUTATIONS !N PROGRESS..' 
C 





284 11lITRRNS.eq.01 then 
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prlrr ','Es:irnate for upper rranririo~:',tranrnerlll 








90 FORMRTI//SX,'RL~',E12.5,5X,'XCTRI 11) =',F8.3,5X;XCTR121 =',F8.31 





COMMON IBLCO; RL.NBLl2~,XCTRIl21,ntflaq,fran~neul2I,N! 
CONMON /BLC2/ NX,NXT,NP,NPT,NTR, IT. ISF 
COWYON /BLC3/ X12001,VE12001.P!1200~,P212001,GMTR12001 
COMMON /8LC7/ ETIII201I,DETA123!!.Al2011 
COWON IBLCW r ~ 2 o i . 2 1 . ~ 1 2 ~ ! . 2 1 , ~ ~ 2 0 ~ . 2 ~ . ~ 1 2 ~ ! . 2 ~  









COVNCN /2L:C/ RL.N91121.:  ~- - .  , 
CDNMON /BLC2/ NX,NXT.NP,! 
COMMON /DLC3/ XI2001 ."El: 
C O W O N  /BLCl/ ETA12011 ,Dl 
COUMON /BLC8/ ~1201.21.i; 
COMMON /ELCS/ ULSl200I.Yi 
< C T R ~ l 2 I . n t f l a g . t r a c ~ ~ r ~ ~ i ! , ~ !  
I1PT.NTR. IT, ISF 
?00l,P1 12001 ,P2 12OCl .CYTP12C?: 
>.TAl>Ol\ . & , > " I >  . . ~ ~  
12C1,21,v12O1,?1,91201.?1 
41200~.CF1200!,THT12C0~ 
dimension rdiff 12011 ,rbior12011 
ITINX.EO.1 ! THEN 
DLSINXI- 0.C 
THTlNXl= 0.0 
CFINXI = 0.0 





SQRX = SQRTIUElNXl~XINXI~RLl 
CFlNXl = 2.0 ' V11.21 . 811.21 lSoRX 
VWlNXl i Vl1.21 
DLSINXI. XINXIISQRX IETRINPI-FlNP.211 
U! = Ul1.21 . 11.0 -u11.211 
SUM = 0 . 0  
00 20 J-2,NP 
U2 = UlJ.21 ' 11.0 -UIJ,211 
SUM = sun + AIJI ' Icl A u2l 













print ',nstop,nx, rdiff I ax-l~,rdlfflnx-21 
print ., Inf,rex,~ranrnevllsf~ 
print +,r:heta,  r:iann,rdiffl~x~,~dlff1ow 
SHIFT PROFILES F3R THE NEXT STIITICN 
yrnark=.OoOS 
DO 175 J=I,NPT 
If IISF.EQ.11 Lhen 
lflUl1.11 .LT. 10.?9Sll t h e n  
1aa:y=1 





write (nuar;l ulJ,!I+markx,yplo~ 
write 160;) UlJ,!l 'markx, yplai 
lflyplac.g:.yrnarkl t h e n  
rrItel55..l markx,ymark 
ydiff=y~lot-yplotoid 



















e n d  d o  
yplotiO.O 
end d o  




C O ~ O N  /BLC2/ NX,NXT,NP,NPT,NTR,IT~ISf 
c3mON /BLCl/ ETAl201~,DET1\120l~,A120!1 
COMMON IBLC81 f1201,21.U~201,2~,~1201,21,B1201,2~ 
COWON IBLC~/ 5 1 i 2 0 1 ~ , 5 2 1 2 0 1 ~ . ~ 3 1 2 0 1 1 , 5 4 1 2 0 1 ~ , 5 5 1 2 0 1 1 , S 6 ~ 2 ~ ~ ~ r  
5112011,S812011,R112011rR212011,~312011,R412011 
COWON 1 ~ ~ ~ 6 1  DELF12011rDELii1201~.DfLVi201~ 
DiMENSION A 1 1 1 2 0 1 ~ . 1 1 1 2 i 2 0 1 1 , ~ 1 3 1 2 0 1 1 , A 1 4 ~ 2 0 ! ~ .  
A 2 : 1 2 0 1 1 , ~ 2 2 1 2 0 1 1 , 1 1 2 3 1 2 3 1 1 , A 2 4 1 2 ~ 1 1  
GI? =-1.0 
C?2 .-A121 
GI3 = 0.0 
G21 = 54121 
G23 i-52 121 /A121 




Ail 121: 53121 
1122(21= 5512)-G23 
A23121= 5112l~L121'G23 
~1121 = R! 12)-1511'Rllll 
R2121 = R2121-IG21eR1 111 








~ 2 3  = 
496 C 

















[E2.A11(NP)-E1'~21 ~ N P ~ ~ / ( A ~ ~ I N P I ~ A L ~ I N P I - A ~ ~ ( N P I '  
A21lNP) I 
(El-A13lNPI 'DELVINPI I /A11 INPI 
RETURN 
ENC 
Output file: bl2d.out 
RL= 0.54000E+O6 XCTRI(1) = 0 . 3 8 0  XCTR121 = 0.762  
.'. S U W R Y  OF BOUNDARY LAYER SOLUTIONS OF ISF = 1 
. . . S U W R Y  OF BOUNDARY LAYER SOLUTIONS OF 15F = 2 
NX xc s w cr DLS THT 
1 0.0024 0 . 0 0 0 0  0 .1232E+01 0.0000E+00 0.0000E.00 0 .0000Et00  
2 0 .0064 0 . 0 0 6 6  0.8911E+00 0.4236E-01 0.1316E-03 0.5159E-04 
3 0 . 0 1 2 3  0 . 0 1 9 4  O.l976E+00 0.2157E-01 0 . 1 8 1 4 ~ - 0 3  0.7867E-04 
4 0 . 0 2 0 1  0 . 0 2 1 6  0 .7391E*00 0.1440E-01 0.2267E-03 0.97516-04 

Gnuplot command file: profile 
set terminal rek40xx 
s e t  noqrld 
ae t  nolabe! 
r e t  lire 1.1 
set d a t a  style lines 
set noxricr 
set yrlcs 
set title "Velocity Pzofiier AOA=IO deq: 
set nakey 
Jet xlabel "Alrfoil Upper sur face  staflon- 
net xranqe 10 : 101 
set ylabel 'ylc- 0, . 5  
set yrange I0 : .0101 
set size .6,.6 
set label "Stallon 0 is" ar .8..008 
set label "stagnation" a t  .8..001 
set label ''point' a t  . e ,  ,006 
set  label "5" a t  1,-.Om3 center 
set label '10" a t  2,-.a003 center 
set label '"15- ac  3,-.COO3 c e a r e r  
"ef label "20" a t  4.-.a003 center  
set label " 2 5 "  a t  5,-.0003 centel 
let label "30' a t  6,-,0003 c e a r e r  
s e t  labe! "35' a t  1.-.0033 centez 
set label "40' a t  8.-.$Go3 center  
set labe! "45" a r  9,-.00C3 center 
piat "pro!O",-llnl0~~ 






Input file: incompbl.dat 
IWiiKE NXT NW ITREND 
1 161 37 40 
ITRI?) ITRtZl ISWPMX RL XCTPI1) 
0 0 1 540000.0 0.30000 
IP 
1 
Output file: incornpbl.out 
C 
C NACA 0012 AIRFOIL 
C 
INPUT DATA FOR INVISCID-FLOW CILCULATIONS 
COORDINATES OF THE BODY 
-0.001260 -0.004030 -0.006740 -0.009380 -0.011960 -0.0?4480 
-0.016940 -0.019350 -0,021700 -0.023990 -0.026230 -0.028420 
-0.030560 -0.032640 -0.034670 -0.336640 -0,038560 -0.04042C 
-0.142220 -0.043960 -0.045630 -0.017230 -0.048780 -0.050260 
-0.051650 -0.05291C -0,054150 -0.355300 -0.056343 -0.057260 
-0.058030 -0.058680 -C.O59230 -0.059660 -0.059950 -0.C6006C 
-0.059970 -0.359660 -0.059110 -0.058380 -0.057370 -0.05607C 
-0.054440 -0.052360 -0.049900 -0.046830 -0.043090 -0.038420 
-0.032310 -0.023820 0.00000C 0.023820 0.032310 0.038420 
0.343090 0.046830 0.049900 0.052360 0.054440 0.056070 
0.057370 0.058380 3.059110 0.059660 0.0599'0 0.C60360 
0.059950 0.059660 0.359230 0.058680 0.058030 C.CSJ260 
0.056340 0.055300 0.054150 0,052940 0.051651 0.250260 
0.048780 0.0V230 0.045630 0.043963 0.042220 3.:43420 
0.038560 0.036640 0.034670 0.032640 r.330560 0.328425 
0.026230 0.023990 0.021100 0.019353 0.3:614: O.Oi4480 
0.011960 0.009380 0.006740 0.001030 O.CO1260 



















































































W A K E  NXT NW 1TP.FND 
1 16! 37 4C 
ITRI11 lTR121 ISWPUX 10'.-6*P.L X C T l r i l  
0 0 1 0.54 0.01 
IP 
1 
OITERIITIONS EXCEEDED PAX IN WAKE 8.L. CALCULATIONS AT 
OINTERII= 4NX= 162:Ti 20 
CCALCULATIONS ARE ALLOWED TO CONTINUE 
BOUNDARI_LAIER PROPERTIES FOR THE LAST CYCLE 

--... LOWER SURFACE ------ 
XCTRi  0 .944E .00  
I 
CP DLS 
U I T ?  
XS UE 
SUEWRY OF THE DRAG, LIFT RND PITCHING MOMENT 
COEFFIClENTS WITH THE CYCLE 
CC 15 EVALUATED FROM FRR-HAKE FORMULA 
CL 6 CM FROM INTEGRATION OF CP 





print ','no. points before bubble?' 
read +,N 
print . , 'no. points after bubble?' 
read '.M 
c cp(l1 corresponds to stagnation for Mz.3, dark fringe 5.5 
c c p ( 2 1  corresponds t o  next dark fringe 4.5, etc. 
d o  I=N,N-M+I,-1 
readll,') k.x.y 
w r i t e  12,') x . - c p 1 i 1  
end do 
end 
APPENDIX B: BASIC COMPUTER COMMANDS 
The following collection of commands is intended as a very basic user's guide to 
the various support programs which are necessary to do research on a UNIX system. 
It is by no means a comprehensive list, simply enough to get started without wasting a 
great deal of time on finding elementary procedures and syntax. In some commands, the 
arbitrary wordfilename or abbreviation@ is used. In others, specific examples are used 
when it aids the clarity of the explanation. Both methods, however, indicate that the user 
may substitute an appropriate name. 
man filename 
cp fnl fn2 
cp lalphahowaWbllfn1 
cp ..lfnl . 









batch < fn 
BASIC UNIX COMMANDS 
obtain on-line help information for a program or command 
from the on-line manual 
copy filename1 to filename2, both in current directory 
copy fnl from another directory, path specified, to the m 
name in the current directory 
copy fnl from the directory above to the same name 
move, or rename, fnl to fn2 ; fnl will no longer exist 
type the text of the file on the screen, read only 
repeat the last command that started with v 
change directory to paneldir 
delete (remove) fn 
make directory (example name paneldir) 
remove (delete) directory 
list contents of directory (like dir on a pc) 
print working directory 
execute a command file in batch mode (runs even after 
logging off) - useful for long run-time programs 
telnet 131.120.254.92 (suzqt -Stardent) 
13 1.120.254.91 (madmax - IRIS) 
BASIC EDITING COMMANDS FOR THE VI EDITOR 
NOTE: ALL commands in VI are case sensitive, type exactly as shown. Check the 
status of the CAPS LOCK key if a wmmand does not seem to work properly. 
vi jial (invokes editor, calls old file if it exists, otherwise creates new 
file) 
To get started into text mode from wmmand mode: 
a (add to document, cursor moves to right and input is enabled) 
i (insert, cursor does not move and input is enabled) 
o (open a new line below the cursor, input is enabled) 
To return to command mode: 
Esc (disables input, enables move, write, save, etc.) 
NOTE: All of the following commands assume command mode 
To move around: 
ctrl-h move 1 left 
ctrl-1 move 1 right 
ctrl-k move 1 up 
ctrl-1 move 1 down 
The above commands will always work. On some machines, the arrow keys MAY work 
as well. Other commands: 
I (shift)G go to first line 
(shift)G go to last line 
/bUD search for the next text string "bl2D" after the cursor location, 
CASE SENSITIVE 
/(Enter key) search for another occurrence of the previous search string 
When done editing or viewing: 
(Esc) :~  write, or save, but do not exit 
( W : q  quit, exits only if no modifications were made 
(Esc):q! quit, exits without saving even if modifications were made 
(Esc): wq write quit, exits and saves aII modifications to the original fn 
(Esc):wq newfn write quit, exits and saves all modifications to a new fn 
To delete: 
dd delete current line 
2dd delete current line and next line 
lOdd delete current line and next 9 lines 
To cut (copy) and paste: 
~ Y Y  yanks 5  lines to buffer (leaves original 5 lines also) 
move cursor to desired location 
P pastes the 5 lines 
BASIC GNUPLOT COMMANDS 
NOTE: The following is a list of some example commands. Extensive on-line help is 
available by typing help while in gnuplot. 
set term tek4Oxx (Stardent) 
plot "VEL.DATW 
plot "VEL.DAT" with lines 
set xrange [O: 11 
set yrange [0:5] 
plot "cf.datN, "dkdat" (two different data Nes) 
plot "cf.datN with lines, "dls.datH with lines 
plot "bl.datW using 2:5 (one data file with multiple columns) 
plot "bl.datn using 2:5, "bl.datW using 2:6 
set data style lines (option with lines will then not be needed after each plot command) 
set key (legend) 




To print (these commands can be put in a command file): 
set term postscript 
set output "gnuout" 
replot 




FILE TRANSFER USING FTP 
(numerical computer address may be used instead) 
get fn 
get oldfn newfn 
put fn 
quit 
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